This study evaluated the Soil and Water Assessment Tool (SWAT) model performance for 11 basins located in two contrasting climatic regions of Asia: the Himalayan and the Southeast Asian tropics. A large variation existed among the case study basins in relation to basin size (330-78,529 km 2 ), topography (377-4,310 metres above sea level) and annual rainfall (1,273-2,500 mm). Performance of the model was evaluated using R 2 and wR 2 for a low discharge event; Nash-Sutcliffe efficiency (NSE), R 2 and RMSE-observation standard deviation ratio (RSR) for high discharge events; and NSE, R 2 , PBIAS, RSR, NSE rel and wR 2 for the overall hydrographs. SWAT was found to be suitable for both 
INTRODUCTION
The Soil and Water Assessment Tool (SWAT) is a physically based, spatially distributed, continuous time hydrological model that has been successfully applied worldwide for the assessment and management of water resources and nonpoint source pollution problems, over a wide range of scales, topographies and climate conditions (Arnold et al. ; Grusson et al. ; Francesconi et al. ) . With an open access policy and detailed documentation, SWAT is presently a widespread and recognised hydrological model among water researchers and its application has been both successful and extensive (Krysanova & White ) . In view of the contemporary issues related to climate change impact on snow-dominant hydrology and extreme hydrological events, two contrasting regions -the mid-latitude Himalayan and Southeast Asian tropics -were selected for the evaluation of SWAT to simulate streamflow.
One of the major advantages of SWAT is its ability to model ungauged or poorly gauged watersheds (Arnold et al. ) . This makes it attractive for use in developing countries with inadequate infrastructures to measure the required inputs for hydrologic and nonpoint source pol- 
Data used
The input requirement for SWAT includes meteorological data, land use, land cover, soil properties and topography (Shrestha et al. ) . The meteorological data required on a daily basis include rainfall, maximum and minimum temperature, relative humidity (RH), solar radiation and wind speed, all of which were collected from the meteorological departments of the respective countries ( meteorological, land use and soil maps were provided by the Mekong River Commission (MRC).
SWAT model
The Arc-SWAT is a semi-distributed hydrological model incorporated into an ArcGIS interface. The SWAT model consists of hydrological, sedimentation/erosion, weather, plant growth, nutrients, land management, channel routing and pond/reservoir routing components. However, in this study, the hydrological, weather and channel routing components were used. The water cycle in the SWAT model is based on the water balance equation shown below: where SW t is the final soil water content, SW 0 is the initial soil water content, t is time in days, R day is the amount of precipitation, Q surf is the amount of surface runoff, E a is the amount of evapotranspiration, W seep is the amount of water entering the vadose zone from the soil profile and Q gw is the amount of return flow. All are expressed in millimetres.
The snow component of the SWAT is estimated through a degree-day approach. The snowfall is stored at the surface in the form of a snowpack. The mass balance for a snowpack in the model is provided in Equation (2):
where SNO is the total amount of water in the snowpack on a given day (mm H 2 O), R day is the amount of precipitation All the hydrological processes are simulated in HRUs.
SWAT consists of numerous parameters (such as snowfall, temperature, soil, groundwater, etc., related parameters)
that govern the response of the model. These parameters were calibrated either manually or by using an automated calibration tool (SWAT-CUP) so that the simulated Figure 2 | General framework of the SWAT modelling approach adopted in this study.
discharge is close to the observed discharge. The calibrated model was then run using a new set of data for its validation.
Calibration and validation
SWAT parameters are process-based and must be within a realistic uncertainty range (Arnold et al. ) . Sensitivity analysis was performed to determine the most appropriate parameters for a given watershed. In some basins, it was performed by changing one parameter value at a time (local approach), whereas in others the SWAT-CUP tool (global approach) was used. The sensitive parameters were then used to calibrate the model against the observed discharge data. A manual calibration was performed in some basins and auto-calibration using an automated calibrating tool (SWAT-CUP) in others. Model validation was conducted to ensure its accurate simulation capability using new sets of input data. The calibration and validation period for each basin is shown in Table 3 .
The two contrasting applications for model parameteri- were to be available along with the value range for similar geographical and climatological regions, manual calibration is the relatively easier option.
All the models were calibrated against the observed discharge at the basin outlet with the exception of the 3S River
Basin. The Sekong River, Sesan River and Srepok River are collectively called the 3S River Basin. In the 3S River Basin, the model was calibrated in each of the three rivers and at their confluence. The calibration is usually taken over a longer period so that the model can properly capture the physical parameters and the long-term trends. For this study, the calibration period is taken as roughly 60% of the total data available.
Model performance evaluation
In this study, both graphical and statistical methods are used to determine the model performance in an attempt to evaluate the hydrological behaviour (i.e., discharge data) more completely. The error monitoring parameters
were selected in such a way that the set of criteria checks both water balance as well as extreme events of the discharge data. 2006 -2009 2006 -2008 2009 Melamchi, Nepal 1990 -2008 1992 -2003 2004 -2008 Tamakoshi, Nepal 2000 -2008 2004 -2008 2000 -2001 Tamor, Nepal 2000 -2006 2000 -2003 2004 -2006 Kathmandu, Nepal 2003 -2006 2003 -2004 2005 -2006 Bago, Myanmar 1994 -2008 1994 -2003 2004 -2008 Belu Chaung, Myanmar 1976 -2005 1976 -1990 1991 -2005 Sekong values. Its value ranges from 0 to 1; a value close to 0 means very low correlation whereas a value close to 1 represents high correlation between observed and simulated discharge. 
PBIAS (percentage bias)
PBIAS indicates the average tendency of the simulated results to be greater or larger than their observed data. It measures the difference between the simulated and observed quantity and its optimum value is 0. The positive value of the model represents underestimation whereas negative value represents overestimation.
RSR (RMSE-observation standard deviation ratio)
The lower value of RMSE (root mean square error) is commonly acceptable and one of the widely used error parameters. However, the satisfactory threshold of RMSE is case specific. Therefore, RSR is chosen as a complementary indicator to RMSE. The optimum value of RSR is 0 and higher value indicates lower model performance.
NSE rel (relative Nash-Sutcliffe efficiency)
According to Krause et al. () , NSE quantifies the difference between the observation and prediction of absolute values whereby an over-or underprediction generally has a greater influence on higher rather than lower values. This reaction to peak values (discharge) could be suppressed by the derivation of the relative form of NSE as shown in the following expression. Krause et al. () found NSE rel to be sensitive to low discharge only and not reactive to peak discharge at all, making it an ideal statistic for evaluating the base discharge simulation performance of a hydrological model. 
where Table 4 .
RESULTS AND DISCUSSION

Evaluation of SWAT in the Himalayan basins
General hydrology
The SWAT models for the Himalayan basins were calibrated against the discharge data at the basin outlet of each watershed, as depicted in Table 5 This shows that as long as good decisions are made in the selection of calibration and validation years and duration, the SWAT model fits well hydrographically, with a high-performance rating.
Of the five basins, apart from Kathmandu, the remaining are snow-fed watersheds, adding one more hydrological process, and thus complexity, to the model. Of the indicators, The overall impression is that all five SWAT models for the Himalayan basins performed very well in calibration. All statistics were satisfied and the hydrograph matched well.
The performance of two models degraded during validation which may be attributed to the selection of modelling periods.
Hydrological extremes
For the evaluation of SWAT to simulate the extreme discharge values, the top and the bottom 5% of discharge were selected. The bottom 5% (Q95, i.e., discharge exceeds this value 95% of the time) is evaluated using R 2 and wR 2 . On the other hand, the top 5% (Q5, i.e., discharge exceeds this value only 5% of the time) is evaluated using NSE, R 2 and RSR. NSE and RSR are added to help check the peak variations among the flood events. As seen from the hydrograph (Figure 3 ), in addition to the high-performance statistics, the SWAT model for Kathmandu is seen as Although the pattern of the peaks has been captured for the remaining two basins, the models have lagged in simulating the sharp magnitude of such events.
Two of the five SWAT models at the Himalayan basinsTamor and Tamakoshi -seem to have focused on matching the base flow (consisting of Q95), while two others at Indrawati and Kathmandu have peak matching hydrograph outputs (Table 6 ). This is also evident from the FDCs and quantile box plots, as shown in the two hydrological extremes. Thus, it was found that a highly accurate hydrograph is possible using SWAT for flood events, low discharge or a balance between the two.
However, although successful in extremes, the middle portion of the FDC for Melamchi (representing general discharge between 5 and 95%) shows a distinct mismatch, as previously discussed.
Evaluation of SWAT in tropical basins
General hydrology
The SWAT model was also calibrated against the discharge data at the outlet of each watershed in the tropical basins (refer to Table 7 and Figure 5 ). In general, the model shows good agreement between the simulated and observed discharge for all basins. However, the model shows the highest underestimation for the Sesan River whereas it shows the highest overestimation for the Bago River during the calibration period. During the calibration period, the NSE and R 2 of the models ranges from 0.36 to 0.72 and 0.54 to 0.72, respectively. These values show that the model falls within the acceptable rating
and that the SWAT model is therefore capable of capturing both the daily variation and pattern of discharge.
Similarly, PBIAS and RSR also fall within the rating of 'good' with values ranging from À9.56 to 8.21% and 0.21 to 0.68, respectively.
The Sekong, Sesan and Srepok Rivers form the 3S River and were modelled as one basin and calibrated at the outlet first. The model was then recalibrated at each station of the three rivers, Sekong, Sesan and Srepok. Finally, the optimum set of model parameters was selected for the overall 3S River Basin. In this process, it can be seen that the statistical value of the 3S River outlet was much better than for the three individual rivers. Due to the limitation of data at the Sekong River, all the data were used for the validation period only. During the validation period, the models performed better compared to the calibration period. All the statistical values lie within the rating of 'very good' and 'good'.
Hydrological extremes
As for the Himalayan basins, the Q95 and Q5 values were extracted for analysis of the tropical basin models. The
Sekong and Srepok Basins show the best results in terms of low discharge simulation based on statistics R 2 and wR 2 (see Table 8 ). SWAT models for the Sesan and Belu Basins indicate either over-or underestimation of discharge, although the pattern of low discharge is followed well. 
Sensitivity parameters
The sensitivity analysis results are summarised in Tables 9   and 10 . Since all river basins in the Himalayan region originate from melting snow, it is obvious that the The observed low discharge data (Q95) mostly comprises zero discharge values; consequently, the statistics could not be calculated. The temperature lapse rate (TLAPS parameter) and precipitation lapse rate (PLAPS parameter) determine the precipitation and temperature for each of the elevation bands. However, these parameters showed no effect in the tropical basins.
Soil parameters such as SOL_K (saturated hydraulic conductivity), SOL_AWC (available water capacity of the soil) and SOL_Z (soil depth), along with CN2 (initial runoff SCS curve number), Manning's n value and effective hydraulic conductivity for both main and tributary channels played a significant role in basins in the tropical region compared to the Himalayan. This might be due to the slow surface runoff threshold depth in the shallow aquifer required for return flow to occur; TIMP: snowpack temperature lag factor; ECPO: plant uptake compensation factor. 
